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FOREWORD

This report was prepared by the Fluld and Lubricant Materials Branch,
Normetallic Materials Division, AF Materials Laboratory, Research and Technology
Division with Jon Lee as project engineer. The work reported herein was initiated
under Project ¥o. 7340, “Nonﬁetallic and Composite Materials", Task MNeo. 734008,
1Power Transmission Heat Transfer Fluids".

This report covers the partial work done during the period from

January 1963 to October 1963.
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ABSTRACT

A study of turbulent f£ilm condensation was first made based on the
two-phase model utilizing the eddy kinematic viscosities of Deissler and
yon Karman. It has been shown that the prediction of the average heat
transfer coefficient is still higher than the liguid metal data of Misra
and Bonilla. Under the premise that an upward vapor flow exists, it has been
shoun qualitatively that :n upward vapor flow can greatly reduce the heat transfer
coefficient. The observed scatter of data may be attributable to the variations
of varor welocity.

This r eport has been reviewed and 1is approved.,

R- Li‘ADAI'ICZAK’ Chief

Fluid & Lubricant Materials Branch
Nommetallic Materials Division

AF Materials Laboratory
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Introduction

* :
In a recent paper [4] using Nusselt's model, the author‘has made an’

1nvest1gat10n of turbulent film condensation by utilizing the eddy klnematlc '

: v1sc051ty expre551ons of Delssler and von Karman., A few important conclu-
51ons, which are relevant to llql o metals, were that (1) the heat transfer

coeff1c1ents (w1th respect to Rey'olds number) approach a limit as Prandtl

number becomes small, (11) the linit is not too much different from Nusselt'
lamlnar case, and (iii) the results are rather 1nsen51tive to the value of
the ratlo of eddy thermal dlffu51v1ty to eddy klnematlc v1sc051ty. Conclusion -

(111) is a collorary of (1) which 1mp11es that the magnltude of the molecular

'thexmal conduct1v1ty is domlnant over’ that of the eddy conduct1v1ty in the

small Prandtl number range. Conclu51on (ii) is not very encouraging from'

the pract1ca1 standp01nt because the experimental data are much lower than

v the predlction based upon Nusselt's laminar model. Therefore, 1t was men-_

tloned in that paper [4] that a proper description of the problem must 1n-

-clude the foIIOW1ng modificationss (a) non-vanlshlng 1nterfa01a1 shear stress,

(b) 1nertla effects, (c) convective heat transfer and subcooling, (d) inter-
f301al waves and ‘rippling, (e) 1nterfac1al thermal re51stance, and (f) contact
thermal re51stanceo |

]
N

The purpose of this paper is to investigate the turbulent cohdensationp

by 1nclud1ng the flrst three modlflcatlons. The problem can be formulated

W1th1n the framework of a two-phase boundary layer treatment and the 1nter-

faC1al shear stress 1s that caused by a qulescent vapor at inflnlty.- This

type of problem has already been worked out by others (1, 2 3] but only for-

the lamlnar case, Therefore, the feature of the present analysis is to inc-

, ﬂumssrs 1n brackets refer to the Refbrencea at the end of the pnper.




lude the effect of turbulent transports in a two~phase fllm condensation
‘model. A dlscu551on Wlll also be presented, which will offer an explanAtion
for dlscrepanoy between the theoretical predictions and the experimental

data.

Formulation : : ' ' S . 3 i

\

e

- The physxcal model for film-wise condensatlon is as ehown in Figure 1.
where the x-axis is ‘parallel and the y-axis is perpendicular to the plate. '
Suppose a semi-infinite plate is immersed in a quieecent, saturated vapor.t
If the plate is held at a lower temperature t, than that of the vapor t
the vapor will condense and a fllm of condensate ulll flow downward due to.
gravity. At the interface of the condensate and vapor, a mction Hill be |

1nduced in the vapor due to a shearing. actlon of the condeneate and thua a
vapor boundary layer w111 be formed.

Under the assumptlon that the variation of physical properties can be

'1gnored within the temperature range involved, we can urite the. !ollowing

boundary layer equatlons:

Condensate:

(1) du dv o <
dx o0y '
(2) ESLELL 2
(2 - u PV e  ® gt e —
. 3 x 3y 3y ‘dy
N X 2t 3 vt
(3) u + V. - ﬂft )

dx . Oy 3y ¥y



[

Vapor: ‘
31 . 2
(4) + = 0
o x dy ‘
Y u Q'v - e 4 -
(5) d x ¥y 2y tay)

where ¥y and K, denote the total kinematic viscosity and total thermal dif-

v

fusivity. e shall inpose thevfollowing conditions: -

S

u=v=0andt = - at y= .

b=t aty = $ -
A ~

u=v=0and t =t at y = o

Sinee a constant temperature will be assumed in the vépor, the equation of
heat snergy does not appear in that layer.

AL the interface, we also demand the continuity of velocity, shear

chrees, and suas Tlux, as:
a(8) = ()
py (u/dy)g = ’;t (1/3y)g
6 ~ ] .
? udy = - 9 ady
sl Pl

As a useful approximation, it has been shown [1,‘3],that the fulfillment of
the above interfacial conditions can be achieved satisfactorily by simply

considering the following relationship:

? .9 . 3u
(6) u(S)g—; so u dy ot(-a-—y-)sn 0

Therefore, without solving'ﬁ explicitly, this allows us to invéstigate the

two-phase condensation by treating only tli equations in the condensate layer,




Method of Solution

. The condensation ﬁnoblem can be'characterized byvinffoducing an in- "’
tegral relation which states that the increase in tne condensate flow ;ate.'

| is entirely due to the vapor being'condensed:'

ST T T 3t
(7 -3‘—‘3—5 udy - &(—) o
‘ Cp 8x Jo 358 e

e e e
F N L . e mer—

Since condltlons (6) and (7) are already in an 1ntegral form, it is con-
venlent to convert (2) and (3) into a s1m11ar‘form. If equatlons (2) and
(3) afejintegraied'in y from § — y'and conditions (6) and'(7) are 1ncor- o

.poratéd, we obtain:_‘T
(8) . 2{ u(du/x)dy ¢ uf?(bu/ax)dy,+ u?(8)(ab/dx) - g(B-y) + 9, (3u/dy) = 0

P - .
(9) ; u(d@/ax)dy ’ (1—9)(au /3x)dy - (1-9){ (du/ax)dy'—
y

-( A /o, at) { { (3u/dx)dy + u(s)(da/dx)} + /(t(ao/ay) =0

wvhere O =t -t [At. The use of{Continuity»equation (1) has been made in .
ellmlnatlng v'e1n the above. |

, Follow1ng the splrlt of a phenomenologlcal approacﬁ the “total trans—z
port coefficients are. assumed to be the sum of two contrlbutlons - molecular ;f; :
"and eddy. As in the prev1ous work [4], we shall adopt the eddy kinematic

v1sc031ties of Delssler and von Karman and let ‘the ratio of eddy thermal

R . .-.'-1 sy e

dlffu51v1ty to eddy klnematlc v150051ty be a constant. The assumptlon of.a jﬁ b

‘ constant ratlo may be crltlclzed because of 1ts dependency on the Peclet

number and the flow geometry. However, this serves for our present purpose




of attempting to assess a gross effect of turbulent, traasports - mofe will S
bhe said later, | |

Jear the plate, we have beissler's expression for a’ddy,kinén}at»i'c vis--
cosity as: |
. * ' oo ‘
(10). ) = nPuy (- eip(-n?uy/? )) | | , 0656y .
and we have von Karman's expression, which is valid atva\ distance i‘rorﬁ the

plate, as:
’ % \ LT -
(11) 2, = K |(au/dy)>/(a?u/ay?)?] o, ysy

where n, K, and y* are empirical constanté.
In the laminar caseo, 1)1‘ and ,(t are cfonstanfs; therei‘oi‘é, a vsiim:ilari.ty o

Lrans Pormabion reduces couations (8) and (9) into a .on_e-dimensional, problem.
Howaver, i uuf case, such a sinplification does not exist ana, in v_general,_
A and Kt will introduce further non-linearity into thev system. This sug_
gests the necessity of treating the numerical solution as an initial;value
proble 1. In doing so, it is advantageous to make a transformatlon such that
the domain of u and O becomes rectangular 1nstead of a wedge-shaped boundary
layer. This can be done by mtroducmg new coordlna_tes, l‘[— y/S and -;- x ’

{
then equatlons (8) and (9) become:

a2y Su(au/aS)dq*US (bU/ai)dll* (& /5){( v “‘\ ") "d"
Xl

- gl - ) + (3,/8°)(30/3g) = 0




(13) ( u(dT/3%)dy s T (3u/0% )d, + rg (au/ag)dr\ .
q

. (80 /5){13 U dq [-cu an} * (Kt/bz)(a‘l‘/bq) -0

e remem it

where T= (T - 1) - r and &' = dﬁ/d;.
: Cp at o

TU."’IGI ical Procedure

Tn a plane of § andy, the set of equatlons (12) and (13) can be
converted into a system of partlal dlfferentlal equatlons. This :'Ls done by -
first setting up a two-dlmensmnal mesh in a$ and an (see Figure 2)

Since :vb 04w %1, the total number of f-mesh, I, will be ass1gned ab
initio. If the integrals in (12) and (13) are approx1mated by the trape-
z01dal rule, each equation glves rise to a system of N partial dlfferentlel
equations - 2 for the total. That is, equations (12) and (13) can be
writtenvas:

‘N A n : | N o,
(1) 2an L€ Ui(au/a;)i + U, an L€ (du/3%); + (a8/ag)ev/s) {z o-ui ¥
’ n o : n

n ’ ' :
fU,Z 00} - (- man) ® ((y)n/ $2)(30/3n), = ©
o ' ) . .

(15)  an z:aui(a'r/ag)i + ap 5”1 (au/as)i + 1,8 z,o' (zsu/at)i
+(d5/d§)(41/8){tnz.6 Uy ¢ z: 61y ui} + ((:rt) /s?-xar/axp -0

where 6 is 1/2 for the flrst and last terms of a sum and 1 for all others.
For (1&) there are N+l unknowns, (%U/Df)l, .’ (‘JU/?{)N and (dS/dg), because
(3U/3§) vanlshes. On the other hand, since (aT/zg) and (3T/2t) vanlsh,
there are only N-1 unknowns, (%T'/af)i’".’ ('aT/ag)N_l, for (15). Therefore,

we have a consistent system of ‘24 partial differential equations, each of
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oy cRc) Tl T /an) -

fment in the final results did not Justlfy the added complications.= B

/ ?‘ '
,which‘is.of the foilowingqforn:q_
N X ; | iy .2t
16 —— ® 1
il -_'_zs_;_,_,_f,‘_:?_,*"t’ 1

' where £ denotes U, T, or. 8.

- With conditions at g f ’ this is an 1n1t1al-value problem of tracing
the'g-evolution of f. Since equation (16) was orlginated from the parabolic
boundary 1ayer equations, 1t can be con51dered as a psuedo-diffusion type ,fﬁ
equation with a variable, non-linear diffu51on coefficient. An implicit

scheme will then be used in writlng (16) in a finite difference form, ass

k. k  ka g

", From the standp01nt of convergence and stability, the implicit?Scheme Ai_
is considered to be superior to the expllcit one, but this is alwaye achieved
at the eXpense of extra labors. However, this is not true in our case be- : _‘.

cause equations (14) and (15) must be treated as a system of equations pre-‘ o

'ferably linear. At any rate, no additional work has been 1ncurred. In the ‘

k-

1nterest of simplicity, equation (17) was 11nearized by taking F, rather f >

than an average, e.g. (F + F )/2, which 1nvolves 1nterations., The 1mprave-

Sl




The final finite difference equations based on an implicit scheme are:

- . N-1 C k _k+l nl kel kel
. . (18) Ul:, U:ﬂ 21 UI; ulf'1 + U;(I Uy +(Un /2){2 8 U; + u-; } +
- 2 »  n=1
11/ s ){(u )2 4 2 zl vy 2+ (UN) . U5 (2 z. ui+u,,)}+
. n+
*(1/5k' )Z(Ag/éﬁfi )(’)t)n n+1 Uk+ - g (1 - n-Ax‘)(AS/u‘) +
| N-1 N-l

PO P 2 £ ) )2+<UN ) o i 25 ui+u )

N-1 : © N-l .
k kel kool | ckokel |k kel k+1 K+l
(19) UnTn *2 0 Uy Ty AUy Ty T T U T2 B ‘tkU ‘tkU o+
: n+l- : n+l
k ,.k+1 k+1
NNE z: o . ok } v /89 agfon?) A, (150] - 1y
o
j » g1 (1/6“){: (2 z. u‘i‘ E oyt g z:.l-.:jL ui . -c“u;}
+
N-1 n-l
'-U:Tn +2§1uki'rk U‘:‘T +2tn{22, | +u§}+
gk g -r."_:.l'rkkl'tu -
+2{Tnn+2+li NN}

For our problen, any attempt to assess the a priori convergence by means of
an ampllf‘lcatlon natrix [7] does not seem very practlcal Therefore, we shall

resort to a trial-and-error approach in that suff101ently sméll, yet not

impractical, Af and an jwili be’ chosen by testing the. nmnerical results, ThlS :
1s also supported by Lax's fheofem which s_tates.that‘ tle stablllty is the
necessary‘and sufficient condition for convergence. The overall error bound
for the present method can be eetima'ted as 0(ag) + 0(am).

Equations (18) and (19) rfcrm a systen of 2N linear equations in 2N
unknowns, Ul’“"U\J’ .Ti,v"',TN 1, ®, at the forward step ofs H and the aug-
mented matrix can be determned from the information avallable at the back-_ 7 B

ward step.




’ Numerlcal Results

The system of (18) and (19) was flrst studled for the lamlnar case
by settlng vt —v -and Kt —.K. The forward marchlng numerlcal solutlon
was. commenced at ;o(— 0.1 cm)'mth approprlately chosen 1n1tial condltlons.*
It is not the purpose of thls paper to re- compute the laminar case, howevar,
it proﬁ.dea an excellent check on the correctness and accuracy of the present
; numerlcal method. . Thls was done by explorlng the . smn.larlty of boundary |

"layer equatlons, that is, a partlcular ;-dependency exists so that certaln .

o quantltles can be made 1nvar1ant ing. For instance, U/(g/v), T and

5/80 (whe_re 5 = [4(C At/A)X/P (g/-.)z)] / is Nusselt's lam1nar i‘ilm
thickness) must be 1nd‘ependent_:of5 o . Indeed, for the worst ca'se, the _con-.“ ‘.
1"stancy 'oi“the first 4-digits for ‘U/_(g./v),l 5- for T, and 3- for 8/80, were
johs'erv‘ed.': In addition, the laminar results will serve as the initial con- .
dit‘l_ons i‘or the turbulent‘ case. |
In this work, we shall restrict ourselves to computatlons for two _

Prandtl numbers, 0 008 and 0. 003, whlch are typlcal-of llquld metals. From .
’A the numerlcal standpomt, the use of (10) and (11) presenta some dlfflculties.
__Flrst, von Karman's express1on requlres the flrst and second derlvatlves of
' _'U and the numerical dlfferentlatlon always ampllfles the roughness of data. ‘
As QU/‘)Q must ‘vanish once due to the upward (negatlve) 1nterfacia1 drag, its 7'_“; ‘.

A,magnltude also varies in a w1de range. Another dlstract;mg feature was’ that

A ﬁo,._,,, B R ST I p—

- ¥ TFirst the numerical solutlon ‘was started with the mitial condltions .
corresponding to NusselE ] result?. By similarity as the solution - -
progresses ing, U /{g/v*), T, and 6/6 ‘approach limiting values which-

~are- quite, different from the in1tia1 conditions. The limiting values

3 w1ll then “be used as the :.nltlal ‘conditions for the final computations.
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the stability seemed to he sensitive to the 1rregular1t1es resulting from
merical dlfferentlatlons. By trlals, 1t was found that the con51stent

and consérvetive derivatives can be obtained by smoothlng ‘the data with a
second degree‘least-square'fiﬁi Second, the values of eddy kinematic
Vviscositie of (10) and (11) are not usually 1dent1cal at y ; therefore,
there is a Jump at that p01nte This is inherent in the present numerlcal
method because such a dlfflculty can be mended rlgorously in Wusselt'
turbulemt case [4]. Therefore, we haVe 1ntroduced the follow1ng artlflce
vof smoothly conrect1ng (10) and (11): .

: e . ‘ g S - - 5.

(20) - ¥ = ¥ exp’(-0;695(y/y*) )_ + 9, _(1 - 9xp(-o.695(y/y*) )

The above re1atlonsuio does not have a theoretlcal Justlflcatlon and it
w111 be con31dered as. an expedlency. At any rate, (20) reduces to 1) 9',
fory(y and v 1’2 fory> y , and to v = (111 + 1)2 )/? at y . The
arbltrary exponent 5 o tends to narrow the dlffused range drastlcally.
The introduction of the above renedles, however does not conflict with our
.ObJeCthes, because ‘the correct order of ma"nltude of eddy transport coef-
‘ ficients are malntalned. : .

In all computatlons, the follow1ng values of parameters.are used'

n = 0.124, K= 0.4, y = 23v/fr_/_ y =1, ¥ = 0,005 .cm2/sec, and
L =20 cm . Some results of numerlcal computatlon will be shown here for _' 
vPr = 0.008 and c At/x 0. Ol.» ‘In Flgure 3, the turbulent velocity proflles -
at x ; 10 and 20 cm are compared W1th the lamlnar dlstrlbutlon. The effect

of eddy klnematlc v1scou1ty is to flatten the ve1001ty proflle in general.

*) The partlcular ch01ce of values for:) and L is 1mmaterlal to our results. B
- In particular, the appearance of ¥ could have been . ellalnated completeLy '
by a proper transformatlon,-‘ .

e
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The laminar tenperature profile is essentially linear and the turbulent
ones seen to swing around the linear profile with sumall deviations as
shown in Tigure 4. In TFigure 5, the film thicknesses for (a) Musselt's
laminar case, (b) the two-phasec laminar case, and (c¢) the two-phase tur-
bulent case are compared. Because of the existence of éimilaritj,‘(a)
and (b) aré not only straight but displaced by a constaht factér; while

(¢) deviates from (b) and increases rapidly with x.

Heat Transfer Results

The heat transfer coefficient for condendation 1is defined as:

(21) h = k(3t/3y),/ ot

which is obtained from the heat energy balance, hAt = k(dt/dy e In .
the absence of sinilérlty, the dependency of the heétﬂtransfer‘coefficient
on the platé length will be avoided by adopting the'following'parameters:

Reynolds number:
‘ ®
(22) Rey = LM/p = W/ Nf uay  atx=L
o ' '

and, average heat transfer coefficlent:

Y 1/3 32 /3, ., . (Y.
(23) (¥/e)’’h,/x = (¥9/g)” (1/AtL)f (3t/dy),, ax

: ° :

Tor Mussclti's laminar case, the following relationship between Rey and ha# exists:”fﬁa

.

(24) ( 02/8 ) hav/k = 1147 ReL-1/3

R e eeeam A - R
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In Figure 6, equation (2&) was plotted as curve (1) anu the‘results

_of Nusselt's turbulent case--taken frou ref. [4}--were shoun by curves.(Z)
and (3),- A = 0,01 and 0.001, The results of the present aualy51s are
summarized in curves (&), (5), (6), and (7)._ Curves (4) and (5) are the
‘results of the two-phase laminar case for P. = 0. 003 and 0.003 respectively.
The results of the two-phase turbulent case are shown by curves (6) and (7)
‘for the same Prandtl numbers. As in the previous work [4], the heat transfer
results are not sens1t1ve to the particular value of cx'and the average heat
transfer coefficient is decreased by not more‘thén 4% by'taking o = 0.1

as an exanple.

'Discussions»

Within the range of ReL up to 2,000, whichiccvers most of the‘experi-‘
mental data of Misra and Bonilla [5], curves (2) and (3) show somewhat lower
hoy than curve (1), but the difference 'is rather nodest (about 10%). Sim-
ilarly, the comparison of two pairs of curves, (4) with (%) and (5) with (7),
indicates that the turbulent model reducea hay roughly by the same fraction,
i;e. 10%. Trom these comparisons'one can conclude'thet the turbulent trans-
.ports can reduce the hcat transfer. coefficient but only by a small fraction.
This can be v1sua11zed from the fact that the increase of film thickness is
‘counteracted by a smaller turbulent VelOClty so as to give approximately the
same flow rate as 1n the laminar case. Therefore, any decrease in the heat
transfer coeffic1ent appears to be directly proportional to the increase in
the film thickness, because h = k/S However, the average effect bver L) is

much weaker. ’ . : L

- ——— wr - e mtamm———
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Nevertheless, one of tﬁe observations worﬂhy of atteptioh is thaf
curves (4) and (5) can predict considerably lowér hyy conpared to curve
(1), This is éeftainly attributable fb the improverients over the Husselt's
model. One of the nodifications notably the "non-vanishing inierfaciai V
shear stress”, 1is belieVed.to befmainly;fesporsible for such reductibn (see
‘ref. [(93). A1 in all, £he"buik_of irregulariy scattered daténstill lies
well below all the curves, therefore, it seens 1ogidéi‘to'tﬁenfaSkgwﬁétfl
would be the effect of an upward Vapor velogity in liquid metglé conaen-
satibh.\ This was motivated by the faqt fhaf the upward interfabiai dfégZ
vie have.considered was caused by a quiesceht‘Qabof énd the exiétance of f

ﬁpward.vaportflow was Qbservéd by Misra and Bonilla. They haée'reported
thét, in soume of ﬁhe l0oy-pressure film condengétion'runs, the vapor flbﬁ"
was large enough to blow off the film ffom.the condénser platé in ail A
directions. lusselt [5] first studiéd the effect of upward.vapor,flowsr’
but his results are not snited for our discussioh._-Therefore, ﬁe shall
present here a qualitative analysis on the_effect of an upward vapor fipw,v 

based on Nusselt's model. The equation of notion can be modified as;

(25 /ey -gSQ-y/8)/V-%/p

whereﬁj_denotes the interfacial shear stress.. In the intcrest of main-

taining similarity, let us set Xi/- =Bs §, then we have:

(26) dufdy =g 8 (1 - B)(L - y/8(1-B))/ ¥

where 0¢ p_<2/3 is assumed (p< 2/3 assures ['>0). 1In this way, tlie
effect of.upward velocity is related directly to the position of zero ve-
locity gradient and for the case of quiescent vapor of Figure 3, PB= 0.3

(for the laminar case)., A detailed investigation of‘éohdeqsatidn using
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(26) is rather 1nvolnod because the cnaracfor of soiutlon changes -as the lnter-
 facial shear stress increases. .Jo”ever, wmthwn the ranﬂe of snall upward vapor
v01001ty, let us assume that the boundary condltlon of - S'ﬁ 0 at x i*O.iS-ﬁ
still valid, %ith a 11near uenperature proflle and constant at, tho relation;
.Shlp between ReL and h v 51n11ar to (24). bscomes.‘n |

(27) o (=92/8 ) hav/k - 1,h7 (i 3F/2)1/3 '-1/3.{r-n.»

Ths above equstion iﬁpliss that h v-can bo snaller by‘a factor of i

]_Bp,QUI E in conpar?sdn to the‘Wus elt's 1an1nar ‘case (24), in FigurQFS,n;nf
equation (“7) was olotted for scveral values of p ourves (8), (5) '(10),n
-and (ll) cover most?of tne.oata. It lS seen that the upward vapor flou can J
cause thé reduction of ﬁ' and conseguently;tne scatter of data could have o
been caused oy the varlatlons 1n vaoor ve1001ty.This is in confirmity'vith tho vlf}
prhv’ous flndlnes of Colburn and Caroenuer [‘O] As one expects,’hév_i T

should increase'with the p051o1ve (downward) interfa01al shear stress [8]

~However, it is very stzanve to note tnat the data of Misra and Bonllla are
not con51stent with the treﬁd predlcted by enuatlon (27)s In fact, they have_i o
observed that the data 'seem to approach equatlon (24) as the upward vapor
veIOCLty 1ncraases, but ths data rall well below (2%) when the upward vapor
flow is small. They polnted out that these facts are "strlxlnd" ‘but did not'r,i*
' orfer an oxplanatlon° It nust be noted that - the experlmental data are not
rezy'acculate due to the unsurmountable experlwental dlfflcultles. In a few
instances, the. author was able to observe much higher h than the reported

data value bj makrnﬁ re comoutatlons.
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Conclusions
In an attempt to explain the discrepancy existing between the theoretical

predictions and the experimental data for liquid'netél éondénsstibn, the two-

phase turbulent condensation was studied. As in the Nusselt's turbulent case,

he inclusioﬁ'of turbﬂlsnﬁ'tran5§6rts }edusés'tﬁe hsét“trsﬁsfef1¢oeffi¢ient;’
The overall effect 1s rather nodest and the reduction °ﬁ h does not exoeeo
109 over the lamlnar model W1th1n the cxperlmental range of ReL In experi-_;
ments, however, the presence of an upward vapor~£low wss observcd, which>was

perhaps 1 nPVltablu from the usual experizental set-up."it has been shown

quallbatlvely that the upward vapor flow can reduce the heat transfer coef-

ficients. Consequently, the scatter of data could have been caused by the ';

varlatlons in vapor velocity. In order to conflrm the assertion proposed
above, it is necessary to carry out an exact formulation of the problem so as
to re1atc p to the vapor velocity dlrectly and it is also necessany to

measure the accurate local vapor velocity in condensation.
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Yomenclatures

i

Specific heat at constant pressure

stoplp

acceleration due to gravity

heal transfer coefficient for condensation

von Xarman's constant

© thernal conductivity

plate lengﬁh
Deissler's constant

Prandtl. number

Reynolds number

teperature

b -t

S W

4 tehperature in ¢ and

velocity components in x and y
velocity component u in ¢ and

coordinate system (physical)

geparation of Deissler and von Karman regions

e *
K |lv

- 'see equation 25.

shear stress.

flow rate
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Subscripts
av

i

N

(T-1) -

film thickheSS; Nusselt's laminar rilm th1cknoa§
/8 |

t-t /et
thermal dlffu51v1ty (k/Cp p)

latent heat of vaporlzatlon

‘ absolute v150051ty

klnenatlc v150031ty Q}Vp)
"
density
. A : »
P-PFP

CpAt

averégeio§er L

interface

saturation

total (moieculér + eddy) -
wall - |
Deissler;s régionbA

von Karman®s region

'Sugerscripts’

*

~

eddy transport coefficient

.variable and ﬁroperty‘in vapor boundary layer. )

/7
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- LEGEND
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Figure 6 Average Heat Transfer Coefficient vs. Reynolds Number.

Legent
Curve (1) Nusselt's laminar (Equation (24))
" Curve (2) Nusselt's turbulent for Pp=0.01 (Ref.(L))
(3) Nusselt's turbulent for P,.=0.001 (Ref.(L))
Curve (L) Two-phase laminar for Pr=0.008
(5) Two-phase laminar for Pp=0.003
Curve | (6) Two-phase turbulent for Py=0.008
(7) Two-phase turbulent for Py=0.003
Curve (8) Equation (27) for p =0,L
(9) Equation (27) for § =0.5
(10) Equation (27) for P =0.6
(11) Equation (27) for p=0.66
Shaded Area Dat; of Misra and Bonilla (Ref.(5))



